Abstract: Biomorphic Al 2 O 3 ceramics were prepared through the surface sol-gel process with filter papers as bio-templates. The filter papers were infiltrated with γ-AlOOH sol and subsequently sintered in air at high temperatures to produce the biomorphic Al 2 O 3 ceramics. The results show that the final materials have a hierarchical structure originated from the morphology of cellulose paper. The sintering temperatures exhibit a strong effect on the surface pore-size distribution of obtained Al 2 O 3 ceramics. Differential scanning calorimeter, scanning electron microscopy, X-ray diffraction and BET analysis were employed to characterize the microstructure, morphology and phase compositions of the final products.
Introduction
Alumina (Al 2 O 3 ) has many attractive properties, including high hardness and strength, good thermal and corrosion resistance, etc. There is a decisive impact of the particle size of alumina powders on the properties of ceramics. The specific surface area of alumina powders increases rapidly with a decreasing particle size to a nano-level. The nano-powders show many special features due to their surface size and quantum effects. Nano-alumina powders have more excellent physical and chemical properties than normal alumina powders, therefore, they have been widely used in fine ceramics, composite materials, catalyst as well as carrier and bio-ceramics.
In the recent years, a biotemplating technology has been developed for the conversion of naturally grown plant structures into biomorphic, high-porous carbide and oxide ceramics with undirected pore morphologies in the micrometer range [1] . This technology offers a possibility to use variety of nature materials to produce microcellular ceramics [2] , composites [3] and nanocoatings [4] , which are so far difficult to manufacture by conventional techniques. In contrast to synthetic materials, natural materials such as wood [5] , simple paper [6] , cotton [7] and rattan [8] are abundant, low cost and renewable [9, 10] . They exhibit a multiscale anatomy and stability and due to the development and optimization through a long-term evolutionary process. Works utilizing natural biological materials or their pre-processed counterparts as templates to fabricate some oxide, carbide or nitride eco-ceramic materials, i.e., TiO 2 [11, 12] , Al 2 O 3 [13] , SiC [14] , TiC [15] and AlN [16] have hitherto been reported.
To enlarge the varieties of the biomorphic fabrication, in the present work we selected filter paper as a natural template to prepare biomorphic Al 2 O 3 ceramic fibers via a surface sol-gel process, which is widely applied as catalysts support [17] and fire-resistant materials [18] because of its chemical and thermal stability. It is hopeful that such Al 2 O 3 ceramic fibers could retain their original fibrous paper morphologies, and thus provide a new and convenient way to fabricate various ceramic micro-fibers.
Experimental

Preparation
A piece of filter paper was firstly washed by ethanol, and then dried with airflow. Firstly, 10 mL boehmite sol (γ-AlOOH derived from aluminium isopropoxide (Al(OC 3 H 7 i ) 3 ) was prepared by the Yoldas method [19] ) was then passed through the filter paper slowly, then 20 mL ethanol were immediately filtered to remove the unreacted metal alkoxide, and lastly, 20 mL water was allowed to pass through to promote hydrolysis and condensation, followed by drying in flowing air at 80 °C. This filtration/deposition cycle was repeated more than 10 times, then thin alumina gel layers was formed on the surface of the cellulose fibers. The dried filter paper/alumina gel composites was then placed into an alundum crucible, and were sintered to remove the paper templates at either 600 °C, 800 °C, 1 000 °C or 1 200 °C in air for 1 h. Final biomorphic Al 2 O 3 ceramic fibers were thus obtained. The processing scheme is summarized in Fig. 1 . 
Characterization
The thermodynamic properties of the synthesis gel were determined by a differential scanning calorimeter, made in Netzsch, Germany. Phases of the prepared biomorphic ceramics were analyzed using a D/MAX−2500pc X-ray diffractometer (XRD), Cu K α , 2θ=10°−80°, step of 0.02°. The morphology and quantitative elemental analyses of the resulting products and the initial filter paper were observed and characterized by a KYKY−2800 SEM.
Results and discussion
TG-DSC analysis
Figure 2(a) shows that the quantity of the Al 2 O 3 gel prepared by sol-gel method has a little mass loss at the temperature range of 50 to 100 °C. This can be attributed to the physical adsorbed water removal of the sample. When the temperature increases above 100 °C, the mass loss of the sample becomes apparent. The mass loss reaches 39% when the temperature is 563.5 °C. There is an apparent exothermic peak corresponding to Fig. 2(b) (DSC curves), due to he desorption of the chemical absorbed water and the remain organic groups; there is a wide range of exothermic peak at 563.5 °C resulted from the conversion of the boehmite into γ-Al 2 O 3 by dehydration; the exothermic peak at 1143.5 °C corresponds to Al 2 O 3 from γ phase to α phase. The γ phase of Al 2 O 3 is a transitional metastable phase and the α phase is a stable phase. 
XRD analysis
The XRD pattern of the gel powders dried at 80 °C is shown in Fig. 3 . The as-prepared sol particles have well crystallinity, and all diffraction peaks correspond to the boehmite (γ-AlOOH) phase according to PDF 21−1307 card. The grain size of AlOOH can be calculated according to the Scherrer formula:
where λ is the X-ray wavelength; β is the half height of the diffraction peak; θ is the diffraction angle. Table 1 shows the result. It can be obtained that the average particle size of the grain is 4.6 nm. The XRD results are illustrated in Fig. 4 , which were obtained from biomorphic Al 2 O 3 ceramic fibers prepared by sintering at various temperatures. It shows 
SEM observation
The SEM images of the original filter paper is shown in Fig. 5 . It can be seen that filter paper has a fibrillar microstructure, and shows disorderly arrangement without any direction. The single fiber possesses strip or strap structure with size of 5−15 μm in radial direction. When the filter papers were sintered at 600 °C for 2 h, the structure of fibers was completely destroyed (Fig. 5(b) ). Figure 6 shows the SEM images of the original papers sintered at different temperatures for 2 h at a heating rate of 10 °C/min. It can be seen from Fig. 6 that the diameter of the fiber after sintering at 600, 800, 1 000 and 1 200 °C is 3−10 μm, compared with the diameter of the filter paper without calcination, an apparent volume contraction can be observed, that is caused by the pyrolysis of the organic matter in this work. By the comparison of Fig. 5(b) and Fig. 6(a) , it can be seen that the surface sol-gel process and sintering at a high temperature, the sample can also keep the original structure of fibers. After sintering, some shrinkage stripes appear on the surface of the loose porous fibers, part of the tubular fiber tubes are broken on the surface due to the removal of carbon and the organic matter volatile in the templates. Figure 7 shows the SEM image of a single Al 2 O 3 fiber. It should be noted that most of the fibers are hollow, with an inner diameter of about 2 μm, the fibers compose of a large number of Al 2 O 3 particles due to the wetting effect of precursor on the filter fibers during the impregnation process. As the filter paper is incompletely wetted in the aluminum chloride solution, the hydrated compound of Al 3+ is only infiltrated on the surface of the fiber, that is to say, it is mainly on the outer surface of the paper template, the inner layer of the paper fiber adsorbs none or less Al 3+ hydrated compound, therefore form the hollow structure. The hydrated compounds of the inorganic ions, which deposited in the template decomposite form Al 2 O 3 particles, and then shrinkage in high temperature sintering, ultimately form the long fiber structure. Figure 8 shows the specific surface area of the sample using paper as the template and none template sintering at different temperature. It can be seen from the Fig. 8 that adding the template, filter paper, increases the specific surface area of the materials. The BET of the sample sintering at 800 °C is the largest, it can be achieved to 267 m 2 /g, that is because the purity of the γ-Al 2 O 3 sintering at 800 °C is higher than that of γ-Al 2 O 3 sintering at 600 °C, while the temperature reaches 1 000 °C, part of the γ-Al 2 O 3 changes into α-Al 2 O 3 , so there is a sharp decline of the surface area. The sample handing at 1 200 °C completely transforms into α crystalline, the Figure 9 shows the N 2 adsorption-desorption curves and pore size distribution of the sample sintered at different temperatures using filter paper as the template. It can be seen from Fig. 9 that the N 2 adsorption−desorption 
BET analysis
Conclusions
1) Biomorphic highly porous Al 2 O 3 ceramic fibers were prepared by the sol-gel process using filter paper as the template. The synthesized Al 2 O 3 ceramics retain the origin fibrous paper morphology and most of them are hollow.
2) The dried boehmite gel power changed into γ-Al 2 O 3 through dehydration at 563.5 °C. When the heat treatment temperature reached 1143.5 °C, Al 2 O 3 changed into α phase (stable phase) from γ phase (transitional metastable phase). The XRD patterns show that the γ-Al 2 O 3 appeared when sintered at 600, 800 and 1 000 °C. When the temperature increased to 1200 °C, it was completely converted to α-Al 2 O. There was apparent volume contraction accompanying the sintering process. This was caused by the pyrolysis of the paper template's organic matter. The diameter of the original filter paper was 20−30 μm, after sintering it reduced to 3−10 μm. Most of the final fibers are hollow, and the tube of it formed by a large number of small Al 2 O 3 particles, so the specific surface area of the samples is larger than that of the Al 2 O 3 prepared with none template.
